Vertically aligned zinc oxide (ZnO) hierarchical nanostructures were developed by homo-epitaxial growth method using nickel as catalyst, and their physical properties were investigated and reported. ZnO nanorods grown by vapor-liquid-solid method are single crystalline and grown along the 001 direction, whereas the second order nano-branches are grown along the 110 direction. Zinc oxide (ZnO) is a wide bandgap (∼3.34 eV) semiconductor material and has an exciton binding energy of 60 meV. ZnO is highly transparent in visible and near infrared regions, and exhibits considerable electrical conductivity, radiation hardness, and bio-compatibility. Thus, ZnO has gained more attention from the researchers working in different fields including electronics, optoelectronics, and spintronics.
Zinc oxide (ZnO) is a wide bandgap (∼3.34 eV) semiconductor material and has an exciton binding energy of 60 meV. ZnO is highly transparent in visible and near infrared regions, and exhibits considerable electrical conductivity, radiation hardness, and bio-compatibility. Thus, ZnO has gained more attention from the researchers working in different fields including electronics, optoelectronics, and spintronics. 1 On the other hand, after the invention of nanostructures, it has been well adopted in the development of dye-sensitized solar cells (DSSCs) and solar fuel cells as anode and catalysis, respectively. 2, 3 As on today, the device performance of both the devices is very low due to low surface area and presence of surface defects.
Hierarchical nanostructures are three-dimensional (3D) structures and have recently received more consideration due to their complexity dependent properties and large surface area. The properties of 3D nanostructures are quite unique than the 1D nanostructures, 4 which result considerable enhancement in their device performance. For example, Thong et al. have synthesized 1D and 3D SnO 2 nanostructures by two-step thermal evaporation process, and observed enhanced gassensing performance with 3D SnO 2 structures as compared to its 1D nanostructures. 5 On the other hand, dendritic ZnO nanowires were synthesized by Yan et al. using vapor transport and condensation method, and noticed excellent lasing properties. 6 Apart from these, there have been different types of hierarchical nanostructures have been synthesized using a variety of techniques. [7] [8] [9] [10] [11] [12] In this article we reported the synthesis of ZnO hierarchical nanostructures by adopting three-step process and their physical properties by comparing with simple ZnO nanostructures.
Experimental
Initially ZnO NRs (simple nanostructures) were synthesized using rapid thermal chemical vapor deposition (RTCVD) on Au coated c-planed Al 2 O 3 substrates. The NRs were synthesized at a growth temperature and pressure of 950
• C and 20 Torr, respectively by purging Ar and O 2 gasses with a flow rate of 100 and 2 sccm, respectively. In the second step, a thin Ni layer (∼10 nm) was deposited on ZnO NRs by using E-beam evaporator with a slow rate of deposition (∼0.2 nm/s) at room temperature. Then, the second order ZnO NRs (hierarchical nanorod structures, HNRs) were obtained by annealing the as-grown ZnO/Ni structures at 600
• C in same RTCVD system under the vacuum of 10 −3 Torr for the duration of 5 min. The structural properties of simple and hierarchical nanostructures were studied by the powder X-ray diffraction (XRD) using Cu Kα 1 z E-mail: dr_nkreddy@rediffmail.com radiation in the range of 10-80
• . Field emission scanning electron microscopy (FESEM) and energy dispersive X-rays diffraction (EDX) were used for the examination of surface morphology and chemical composition of the structures, respectively. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and selected area electron diffraction (SAED) were used for further confirmation of the crystallographic properties. The light emission properties of nanostructures were studied at room temperature using photoluminescence (PL) spectroscopy in the wavelength range, 350-650 nm using the He-Cd laser with an excitation wavelength of 325 nm.
Results and Discussion
The FESEM cross-section analysis ( Fig. 1a and 1b) shows that the as-synthesized ZnO NRs are vertically aligned and uniformly grown on the whole substrate. The average length and diameter of NRs are found to be ∼30 μm and ∼100 nm, respectively. From EDX analysis ( Fig. 1c) it is noticed that the ZnO NR arrays have clear chemical stoichiometry between its constituents since the estimated Zn and O atomic% ratio is ∼1. XRD studies (Fig. 1d) show that all the ZnO NRs are preferentially oriented along the 001 direction since the evaluated inter planer spacing (d-spacing) value of the major peak (2θ = 34.32
• , d = 0.261 nm)) exactly matches with the hexagonal ZnO. 13 The full width at half maximum (FWHM) value for (002) peak is found to be 0.27
• . Further, the XRD profile also shows a minor peak diffracted at 16.94
• , which belongs to ZnO (001) plane since the evaluated d-spacing is 0.523 nm. Other peaks diffracted at 37.98 and 41.4
• belong to Au catalyst and sapphire substrate, respectively. These results, therefore, reveal that the hexagonal structured ZnO NRs grown by the RTCVD technique have good chemical stoichiometry and uniform morphology along with excellent crystalline quality.
The FESEM images of annealed ZnO/Ni structures showed that the ZnO NRs consist of second order nanorod (SONR) structures i.e. hierarchical nanostructures (Fig. 2a) , which are vertically aligned on the surface of ZnO cores. The average length and diameter of SONRs is found to be ∼25 and 10 nm, respectively. EDX analyzes show that these hierarchical nanostructures relatively consist of 7 atomic% of Ni along with 42 atomic% of Zn and 51 atomic% of O. The XRD profile (Fig. 2c) shows that these HNRs consist of the same crystalline structures as observed in simple NRs except two weak peaks diffracted at 56.62 and 56.79
• . These peaks are attributed to (110) planes of ZnO and (202) planes of hexagonal Ni 2 O 3 phases (Fig. 2d) since the evaluated d-spacing values are found to be 0.162 and 0.162 nm, respectively. 12 This clearly indicates that the ZnO HNRs consist of two additional phases i.e. (202) Ni 2 O 3 and (110) ZnO. The presence of Ni 2 O 3 phase probably attributed to the oxidization of Ni present on the surface of ZnO NRs, whereas (110) ZnO phase belongs to newly emerged SONRs on ZnO cores. From these results it can be emphasized that the observed deviation in the stoichiometry of hierarchical ZnO NRs is attributed to the presence of Ni 2 O 3 phase. Therefore, after subtraction of oxygen atomic% (∼10.5%), the resultant Zn and O atomic% is found to be 42 and 40, respectively (Zn/O ratio ∼ 1). This reveals that the ZnO HNRs are also have clear stoichiometry between its constituents.
On the other hand, the evaluated FWHM value for (002) peak of HNRs is found to be 0.175
• , which is low as compared to the FWHM value of simple nanostructures. Therefore, the crystalline quality of HNRs is higher than the simple structures. This is probably attributed to various factors including the release of accumulated strain, eradicating structural defects, and passivation of surface defect states. 15, 16 Therefore, the overall results emphasized that the growth of SONRs on vertically aligned ZnO NRs is initiated by the as-deposited Ni acting as a catalyst and greatly enhanced the crystalline quality of ZnO NRs. HRTEM analysis (Fig. 3a) reveals that the as-grown ZnO NRs grown along the (002) planes and have (110) and (112) planes probably as other two normal planes since the evaluated d-spacing values from the fast Fourier transformation (FFT) are 0.261, 0.164, and 0.137 nm. The SAED studies (Fig. 3b) confirmed the same and also showed that the as-grown ZnO NRs are clearly single crystalline. The TEM, HRTEM, and SAED analyzes of ZnO HNRs (Fig. 3c-3f) clearly show that the ZnO cores have vertically aligned SONRs, which are epitaxially grown along the 110 direction. Fig. 3c also reveals that all ZnO branches are grown on the 001 facets of ZnO NR cores. Thus, the above results clearly emphasized that upon annealing the as-deposited Ni layer on ZnO NRs induced the growth of SONRs by acting as a catalyst. Further, the homo epitaxial relation between SON branches (ZnO b ) and ZnO cores (ZnO c ) is found to be (110)ZnO b //(110)ZnO c and (002)ZnO b //(002)ZnO c . Fig. 4a shows the PL spectra of simple and HNR structures. The overall PL intensity of HNRs is slightly lower than the simple NRs, which is due to the presence of Ni layer as shield (see Fig. 3d ) that probably hinders the PL emission of ZnO HNRs. 17 However, both the samples exhibited a strong ultra-violet (UV) peak centered at 381 nm and weak broad band peak centered at 495 ± 3 nm. The UV peak (∼ 3.25 eV) belongs to the near band edge (NBE) emission of ZnO, which is comparable with the data reported by Chen at al., 18 whereas the broad band peak (green ∼ 2.51 eV) belongs to defects states present in the forbidden band of ZnO. 19 The intensity ratio of UV and green peaks for simple ZnO NRs is found to be 435, whereas for HNRs, it is about 75. This indicates that the ZnO HNRs consists of more defects states than the simple nanorod structures, which is probably attributed to the diffusion of Ni into ZnO lattice. 20 From the Gaussian fit of UV curves, two distinguishable emission peaks ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 14.139.128.11 Downloaded on 2013-08-15 to IP observed at 379 (3.27 eV) and 384 nm (3.23 eV), whereas for broad band emission there are five peaks noticed at 448 ± 3 (2.78 eV), 467 ± 1 (2.66 eV), 495 ± 4 (2.51 eV), 521 ± 6 (2.38 eV), and 559 ± 5 nm (2.22 eV), as shown in Fig. 4b, 4c , and 4d. These emission peaks observed in visible region are attributed to various defects like zinc interstitials (Zn i ), zinc vacancies (V Zn ), oxygen interstitials (O i ) and oxygen vacancies (V O ) along with their excited states. 21, 22 These results, therefore, emphasized that the SONRs grown ZnO NRs consist of more defects states than the simple ZnO NRs. Though the observed results are interesting and appropriate for various device applications, still there are various issues like control over the density of SONRs and dimensions, impact of Ni thickness and its removal etc. have to be solved, which are in progress.
Conclusions
Vertically aligned ZnO HNRs were synthesized by using threestep process and explored their physical properties comparing with simple ZnO NRs. Vertically aligned ZnO NRs were synthesized using RTCVD system with the help of gold catalyst and then, Ni nano layer was deposited using E-beam evaporator. Finally, ZnO HNRs were developed by annealing ZnO/Ni structures at 600
• C for 5 min. The newly formed SONRs are preferentially oriented along the 110 direction on (001) planes of ZnO NRs and consist of average diameter and length of 10 and 25 nm, respectively. These newly formed SONRs basically increase the surface area of vertically aligned ZnO NRs, which result these structures could find applications in various fields including optoelectronic and chemical engineering.
